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A Study of Stability Analysis on Unsaturated Weathered Slopes Based on
Rainfall-induced Wetting

A A F" Kim, Jae-Hong L1 I o Park, Seong-Wan
A A A° Jeong, Sang-Seom & =5 g Yoo, Ji-Hyeung
Abstract

The infiltration of prolonged rainfall causes shallow slope failures on surficial slopes. Experiments performed on
soil-water characteristic curves in weathered soils of three different types(SW, SP, SM) were used to construct a general
equation for the soil-water characteristic curve. Based on this, the saturated depth by Green & Ampt model was compared
with the results of numerical analyses and the range of application of Green & Ampt model was evaluated. It was
found that the saturated depth occurred by infiltration on the surface of slopes has an influence on the surficial stability
of slopes and, the stability analysis of unsaturated soils calculated by using the soil-water characteristic curve of weathered

soils was found to be a proper analysis for shallow slope failures due to rainfall.
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Atk Z, AR RS Z7HI71E A B4
29 7H39Hsuction)9] AR QIgh = A7}
QFo AlmintE o) FHE ¢lel Aoz AdHA UTHNg
& Shi, 1998). ojo], FUjof @] E23l= SHEIHES
=3 Agabue) 2SI 4 Qs BESpAEe
B g A7 Ee Teslolor & ARoldt

AEET ] dYoRE AFHESE AL e EF
o E4of 2 WEao HLE U Eakgo] T8)w,
A 57 A QA gzl Askes)
o] ¢} 42 22l AFAE EFYSHA st -
zo] 37 9 A&A o8 5& £+ Utk ol g2
R0150] BEH, Bx BYHOR AWS BEH

ik wetd, 712e] Zapeel AAuThE
AN S Bt 71A #Adstr] Yiste] EEspA|RL
EAo] digt ojsi7t a7Hr
23} Aute] 325 7HASHA st o=
= LumbQ@] &8} #H(wetting band method)3} Green &
Ampte] 224]0] o §EIh Eet 750 87174 o]
23} Pradelz}t Raad @] 3}4] 5 % A] Green & Ampt2]
o] Z7HE o] F 1 9tk 1 9fof oje} 2
4 ol gato] Aol AAAS AT LRG| A
sgov], 2UAe) Boke B BAsD 49 23
AEsistel A1E Fo)7] $13t A150] A= Utk(Fourie,
Rowe & Blight, 1999; Serrano, 2001). ZFUo A& &3
B9 NEERF e FrEL ARFAE, 1997)
2 v}g}o 2 Green & Ampt2] B3} pondingS- 1123}
of 245 7FPH(Mein & Larson, 1973)2 22 7% A
7|7t 3lzlolof wit AT 27|RFA¢E W
s, 2 £2 AMSZ2 I3 SEEP/WO Wik A
Wezle oo Eskziole] tiet AbEel HY4E
WP THERAL & o], 2000; 2001).

B AqME Fe] SFIFES YHeR X
3} Ajute] 18841 FrEA T A1E Filter Paper 29
o2 2yaL, 22 VEHEL Awel oIS
Green & Ampt®] meAlT} AFg= 2 732 SEEP/WE
olgsta] vl BT 22)5, A M) 3}
Zolo] whE ke whjo] it oY AS ThetetTAl A
§m2 99l SLOPEWE olgstel Zatglole] 37}
off w2 RIS HHAS FAst EXE R
Heges Agoiol B 2w FEs A0 A
Ve nlE A
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lo g
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2. Lumb and Green & Ampte| ZAA

Abekz|go] W M)A ofg] Foj|A] 7ol ojF A
o] By} ¥lwis] whagslal glek E3), Abdel ¢l
9l zutolut 3tE2 TAE BX3t A=
2503 Q3 Apd Iyt Wiws] dgEh dE &
of, T3 Y29 AH Bjof thgt AlglofAl = AP
Azteo] 24 FFE FE 29 7H5U(suction) 2]
AAE Q8 F$Al Bo] AR o] Wsh: JadAd
(wetting front)o] FAE= Z3lgojofjA &2 APH 1t
AHo] FAELS B3Ot Yagi & Yatabe, 1987; Ng
& Shi, 1998).

79X Ape] Z1Zlol8 o &she: W o RE Lumb
(1975)7} Green & Ampt(1911)0] A¢Het F7HA] mEA]
Eo] Qlrh 2] (1) Lumb(1975)7}F ZH-A] AFEE] &
2 A&3t7] $sted AlokE Alo]tt.

ke t
Bv = T8-S0 )

714, n& HFE, ke X3 AR, t5 A5A
2A|7F 22| o8t Se= 9 2719} A9F o] =3l
olt}. o] A1 7-9A] A|uke] Hathrt WA FolruA
199 I H=E F3H7] 25t 1970~1980
ddlol 25 Ag=ch 28 Lumb® A4 A
wo) At 2AET AHAYR 2= B 85, 94
T a3 7 $83% F9| |t FaA|laf niA
L ggAeE 1T & Yotk gEtA, ol & 24
= 13T 4§ e 4 )9 Z2 Green & Ampto)
Algrelo] o] o] &1 Qlrh

T = J—[zw—sw-m(—s”“) @

ky S«

—_—

A7) A, T FLASARL, ke
A Ao AT HSH O -
uehdich 281, Svis 22 A
front suction) Q24 A EHOZHE 7F¢

EIEFAS, pE

sl

& HAZ4(wetting
re 7t

o Ir

i)’ ZW"L;_

e

lis

HEsts

. Z¢t Zo| & Wl suctionghe LrERAT &, X|yto]

23}%]7] Z Ao vteh= A suctiongftoltt. Pradel
& Raad (1993)= 22 & thgl wetting front suction
o 80cm, AEZA TL 140cmE FAsI] AE] 7
st AHAS BATIIh
QJulz] 9] Fof 9lo] 4] wetting front suction H ¢+ |



Z 0.97cmojjA] I 156.5cmz ERATHMaidment,
1993). o] B4l x3lzlolE AXshH 1o et 4
SASAHE 2HT & . o] AolAle Fof ]
o Ba} Ao} B4 S DT 4 Y= O 2R
(suction) 847} itk o] HdlXe. Bxsl 5E(Wallace,
19752 7122 & o WS @A} v R e
o] 28 AlA-S 2olil QIth(Brakensiek, 1977). Pradel
& Raad(1993) P2 AelZujol 9] Aukz7iz}
7122 A0 2 Green & Ampt?] R o]&3le] 7}
SR =7| b w2 A=} FAEAIZ S BAE
vetfiglon, EaAleo] HEEE FHA AP oHY
A& vkt

3. Alze| RitgsE 53

Y SAEHES tgoR FARFH st
UEE SW, SP, SMe] AR Lhrol F4E4ZA
AYS Pt T2 MEFEY WS &
A5}tz 218} Filter Paper 2H-S AF8-319 2, tensiometer
2 AHgstol 233 YYES Balshglt

31 Al B

2 ARANE axdgrye] ASaRN 2EZ
doz 2A4E At smetctolA E3EE Y33 No.
4~No.200A|2 Ztzt B538to] C(F5A4), C(FEA
)2t 2t A 9] FHFE ER SW, SP, SMe] 4|77

Percent finer, (%)

0.01 0.1 1 10
Particle diameter, (mm)

38 1. 371K HAZTEHES| UZEZRM

E 1. 371K HSEIEL| 244

S USCS sw | sp | swm
Dio{mm) 0.2 0.3 -
Dso(mm) 0.62 0.58 0.2
Deo(mm) 1.6 1.2 0.9

a48A+, Cu 8 4 -
ZEA%, Co 1.2 0.9 -
HE, Gs 2.70 2.70 2.75
No. 200% S2EH(%) 4.56 2.84 | 23.57

ARE PR BrEg A8 FAstA:
3.2 Tensiometer

Tensiometer= & £} X74U(negative pore-water
pressure)S St AR 22 FVIRUUE 2=
etke BEz Qg OBy Az ges 74
o] ek & £202 4I}U3t tensiometer= FH. ¢t QL
ES Fol Bolsd e =i o Aty A oA
Fg olfo] RUT4yL Yk FuE Be o
sa3} 2457 gt Seasos wEoiRed
EA7 87104 FEot Aty Hog Eo| FgHe
AA= =Hol AUtk

Tensiometer 58 9] )AL ¢k 2em HZo|, & £O
2 sk Fuo A2kl HAkole) Zolk 1sem~
Lsm A== tigsict, 2 ARoAl= 15em8] 27|18

A3t Th Tensiometer= E2] 35870 dojd &

0 o e

8 2. Tensiometer
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17| whEol ZAE 4 = LS Hoh 90 kPa ol
iAo 43 B0 B9 92 055
7] tEe] ZYZHe £AHO R BRESH(WO] 5]
o, Bk 715 37 l‘ﬂ"l 7|t 2ohH tensiometer2] ¢
& 3ol Z9le) 7 F7IFE Tsjol Sk AR, 5%
2 BPEAL Azt e B713IZkairentry-value)
g znetA B3l

Adulzgoz To] & Ei](soﬂ suctlon) S A E5=8(total
suction)o]g} 3}m, o] AELEL RHTLT(matric
suction)} 4 Eb"“‘_%(osmotlc suctlon)_i =g,
tensiometer= 23 B3 W& WS EHAFHH
(matric suction)¥h2 £ 4 glon thgd Azt 3
o2 o]23ky gE(soluble salts)2 XG-FA Fa3ie
2 AZY(total suction)FE F AEZ4Z(osmotic

suction)2 SAEA] o= wHo] Qlck(Soilmoisture, 2000).

3.3 Filter Paper Method

Ex5} Auke) IEAdTAS 15)7] 284 tensiometer
o] At &7 He| Wiz Filter Paper Y-S H-&
3te] Algstqct. Filter Papers SE9 87109 whE
gt BH o2 Qe §71FA A8 FETHAQ 27
&l g AlFe] Zasith

B A13.2 ASTM D5298-940) FA &0 glom, A|&
9] sl E AR # 4 Yle A7I=MH AE0] 55 mmel
¥ Filter PaperE o]-&-3%th. 12|11, Aol 3l
= Whatman No. 42%} Schleicher and Schuell No. 589
White Ribbon& AR5t AUYAEE sttt

QoA AAIEE T 7}R] €] Filter Paper:= $74> %

°] = g3tdEolv ASRIESR &2 A0l Uve Al

Whatman No. 42

5 . \—_— — = = Schleicher and Schuell No. 589 6

Suction h, (pF)

Suction h, (log kPa)

0 10 20 30 40 50 60 70 80 90
Filter paper water content, wf(%)

a2l 3. 271A] Filter Paper®| calibration curve(ASTM, 1994)
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2E AT &5F R o3 &4 E calibration
curveE ARR-E 4~ Ik

1% 32 Whatman No. 429} Schleicher and Schuell
No. 5899] th3t A& A <] calibration curveS eEbH A
o]t}. o] calibration curve+= ¥7}X] Filter Papero th3|
e oln, 242 £74K 9] AAAe R F4E 9
o 28 304 27t AAle] AR QIAEEY &
He|l g who2 fAHE Sig ojulatsl, whlo]
SR UAE Afolo] EAlEAY EE Ewgeo|
oJa) SAIEE 45 Lpe Fo]ci(Miller & McQueen,
1978). ¥utz o2 59] suction> XhF-ofl ] X|(free energy)
SHe oulE The 4] ()3} Zo] pFY THE £

pF = loglh|, (h;: 2849, cm) 3)

Y dgd
9_] zxg o] 7153k g@ o]q_ lter Paper‘—‘- Ao

EE(suction)y& S sh= A4 Q&L gt Filter
Paper AL o F Q% 24+ &3} Filter Paper2}2]
Atojofj A 2] BF0| BFH 7T e € ol
g3t} PP dAAIO R Ti= 227 AE 2 &
o] 4| Filter Paper2 HEHth 19 49} o] Fit 2H
HAZTo] Q= Ao & &9 Bo] HEE| o] Filter
Paper®}9] HHS o] R, R 7Y E“’ I ER

o] Filter Paper W2 Fo] =¥
=, Fi
| X

FH HYE e Aole 3FLE SR B T
7] AFe 2 Filter Paper2 A2 o] HEL ]—r7‘ﬂ )=

Y 49} 22 A E-47]9] 200~400g FE=2 A RE
HoLA] Filter PaperE AXj3t1, AE&4-HS S43=
A9l e TGOl Ooring, WA} & Fog A
29} 22%0) 244S St BALE Folut WX
7t 24 ¥EF et 2UERTHE 5% 7

BE|AE! X}
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Y& MEFY £XH)
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$-olli= 379] Filter Paper& ©]-§-3to] Fat J&3te] 4
Zstet 1 F 2749 Filter Paper= 2 8#Er8S 234
3=t o]-&-%|™, v} Filter Paper}2t} 2] 73S 3 ~4mm
A gehiol ool & i BAste] W2o| HX
FES AAstolof Fik

A| 28719 Filter Paperg 2|3t Flof= gz os
20~25CAtole] Pt 2=(3T o|ste] 22hE 2=
Faold AeNA Bslortc. 23 © 2 7]
YojA Bste 2= HILE AU e jlon, 2
F571E ol8dt AT 25 FAIS e 3
o} Efshs 87 B3 UHAIA 3719 f9S HA
glof gict. Rty oz UHHE ARE7] WEY 37,
Filter Paper 12|31 A|&2A}0]Q] 7] W Ro]Fo o
gt Aol FY7The 7doln, Td Fof A EEVIE
7W&-3 WALC.2 Filter PaperE 87| ©otA wWhE A
7 ol FAE S7g 3ottt AE F<tel 0.0001g2) Z
52 25 A48 ASSEE o ZHA i oxE
Zo]7] falide ZE AFFHES AlEE7]0 77t
o] FiL A¥sfof gt

4. HY &3}

B Agois e YER 7Y 3 23749 5
FE3E ABE HAO.E tensiometer?] =7} Filter
Paper'to] oJ3) FEHTHE WA 257 F
oMl A7 WL, fittingshs TOIA ol Holuke
SAUES AAAN o2, SAFH #A =S &
3t 53], F71EUXE Uehlle 23} 249
suctiongl&-2 o2 W Ad¥S Foll S5t I A&
g =3

41 5 ¥+549=14
I 5~ 1% 7o YERd v} Zo] tensiometer2] =
AZHE2 =k 0~90kPad =2 Y Wl Uit 12
11 Filter Paperd 22 ZAH W2 HY g7 vl
g of, v F2 Hol Xk AAH] 4] {7

sk 9es & & Ak
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2 AeEigle W4 24 YHE A 3 22
FEoll A &9 BT 2T SA FEje W
Alo g XM= Qi Leong & Rahardjo, 1997).

o A|oHAE 72, van Genuchten(1980)3} Fredlund
& Xing(1994)9] AAjo] ThFE Fol et T4-54

HE Al BES WL 4 91GE 319t Fredlund
& Xing, 1994; Leong & Rahardjo, 1997).

k& 4] (4)¢F 4] (5)= van Genuchten3} Fredlund &
Xing®] WA41E ey,

T4 YHAOZ ol ol§Em WYY AFoEE o - [t @
o3 9k 2ol 2HA Fredlund & Xing®] A|2HA] L+ (as)
vl % = o) m
o gansle 318U 2HY Sune] wRY 6 = [ v ] )
n{e s/a
B 2. YHA Y| ME A4 Hin
van Genuchten Frediund & Xin
Filter paper & o g
SW SP SM Sw SP SM
a 22 24 66 128 91 136
Whatman n 1.95 3.1 1.53 0.86 1.24 1.2
m 0.27 0.26 0.69 2.7 3.1 2.9
a 17 17 53 78 61 163
S&S n 1.25 1.68 1.22 0.72 1.08 0.9
m 0.45 0.51 0.92 2.9 3.6 4.9
12 ; T 1.2 - - T
sw | i i sw
u Whatman 5 : } n Whatman :
: i L4 s&s Do o s8S I
@ 1 I < : van; e i @ 14 k::l!‘:\; i J— :red:un: :,:ngl_
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£ ' \\\ :” T o 5 ! \\!\ ' g
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r\-\ o ) H
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38 8. S3EL] S4-S4=M WA (van Genuchten 28, SW)
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18 9. B31E9| eEH2M WHAl(Fredlund & Xing 28, SW)
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38l 12, BHEQ| BN IM WHA(van Genuchten 24, SM)

o] 714, @ (normalized volumetric water content)+=
(0w 0)(0s-0)22 BAEH, 97|14 6 AHT
ZnjolH, s HFSE(total suction), e= AFHAR] L, a,
n, mE Aot thE 3% 8~19 132 A¥E 59
oA suctionFtEL HSslo JFAHeE FHF A
ot 371A] FIE A2 we} van Genuchtent Fredlund
& Xing®| A0 2 Uehgich & A& =537 £
Eg4x(Leong and Rahardjo, 1997)E o] &3} a, n, me=
22 822 ASKRITL WA, van Genuchten 4j0]| 4] o
=1/a o]t}

THEY 3717 EFolA FA9 /¥L Had o,
SpPot SMe| Fej= 24tz 23l 3 HEF FoA &
T e HES e glon, SWE SPeF SM H4d
9] 2 FHI=Z yEhdth 34 HoA YA E &
sz W4 a 3o B2 SW, SP, SMY| £3 BBE
& 4 QUet No. 2004]9] Fahgo] @2 SMS] ¥4 a
Zkol APAo] vl4et swet sPRT Mz 2 e U
BT 132 & & QUrh Fredlund & Xing®] 4] A,
SWe] ¥4 a7} SMi} SPO] F7H] glo 2 FHE =L §]
88 ¢ % Uk

5. YA AH2| E31ZI0] £F

Z3A AT AR AES o) HAst
£ Z3lzlols U EE AMHO YRTIE do
712t 2 9L Atk B dFoALE o)™ AP
23}7]0]E wtotsl7] Y3l Green & Ampte] EE AL
ol &3ttt =l o7 X9 FAFIESE e 4
()%} 4] (6)& H-g3to] APgsigon, 1 Ao 1Y

1.2 Tt
. sM
' E a Whatman
: ® sas
® 1 e M 0 N e Fredlund & Xing [
& "";‘\\ | Fredlund & Xing
£ NN Ho il
B os NN ] l |
£ [ . ; ] |
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38 13. B8 EQ| #BMHIM YWHAl(Frediund & Xing 23, SM)

E 3. Ko Fo| ER9} THELHL

a8 luscs | kelem/s) | (%) | 64(%) | 4u(%)
& 48 | SM | 1.30x107°| 18.46 | 43.46 25

F7) g4 | SW |7.08x107°| 23.22 | 43.07 | 19.85
Mg "4 | SM (6.30x107°| 27.23 | 43.46 | 16.23

4o M2 29 167} L.

Sy tz Zy+S
S £ _ . w w w w
(6)

A7NA, Iz FAFLFE, p & AZHFeue] A
T HEEH O+ 01), Tones J7FE AK{ATL Sus B
£ AAHS BT e(wetting front suction) 1231
e E3ZolE yehdth 183, # 3= & AES
A8 EFAA 2 AR AW EFUEES HEH
A ZoltHAAF, 1999; &8F, 1986; HEE, 1990).

4} ()¢} 4] (6)°] H&-El= AATeH(L p)e= 27
AA TR0 )M SREITT E= HF AH |
(659 ztolE et

5.1 JRYE-ZE30| A

7 e-2870] BAEE 24 Aguitt 27|AH
Sheplof| A RG4S dAsHA F718HH RS
o] A& A A H(wetting front)Q] suctiong}te] = 7|of o}
2} 8ja 3t TS Eolt} FEAEAIZHE 0.1, 05, 1, 2,
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E 4. Wetting front suctionts E2}2/0|(cm) H|@(EHAE, SM)

BENSAZ ()

suction e 01 | 05 1 2 3 5 10 | 24 | 48 72 9%
soom | Green—Ampt | 12 | 28 | 40 | 57 | 74 | 98 | 185 | 221 | 381 | 424 | 507
SEEP/W 98 | 112 | 126 | 182 | 266 | 336 | 47.7 | 799 | 82.7 | 1808 | 231.3

o | GreenAmot | 15 | 34 | 48 | 7.0 | 86 | 112 | 163 | 263 | %91 | 50.0 | 6o
SEEP/W 42 | 70 | 84 | 98 | 126 | 182 | 252 | 40.7 | 631 | 86.9 | 121.1

“oom | _Green—Ampt | 1.7 | 39 | 56 | 80 | 98 | 129 | 186 | 200 | 441 | 558 | 662
SEEP/W 14 | 28 | 42 | 70 | 98 | 126 | 168 | 280 | 449 | 61.7 | 925

oo | Green=Ampt | 19 | 44 | 63 | 88 | 11.0 | 143 | 206 | 330 | 486 | 618 | 725
SEEP/W 10 | 14 | 28 | 42 | 70 | 11.2 | 140 | 252 | 421 | 547 | 701

oo |_Green-Ampt | 21 | 48 | 68 | 07 | 120 | 156 | 225 | 359 | 526 | 662 | 782
SEEP/W 10 | 14 | 28 | 56 | 70 | 98 | 140 | 252 | 39.3 | 51.9 | 63.1

E 5. Wetting front suction' Z2{210|(cm) HIIUZ7IS4, SW)
. ) BSNEAT ()

suetion bk 01 | 05 1 2 3 5 10 | 24 | 48 | 72 | 9
voom | _Green—Ampt | 24 | 55 | 8.0 | 118 | 151 | 206 | 810 | 581 | 7.0 | 1332 | 1681
SEEP/W 28 | 68.7 | 1079 | 157 | 316.8 | =& | =& | =s | =8 | zs | =8
soom | _Green=Ampt | 83 | 7.6 | 11.0 | 161 | 202 | 27.1 | 411 | 720 | 1161 | 156.0 | 1939
SEEP/W 16.4 | 40.7 | 645 | 953 | 117.8 | 155.6 | 227.1 | E& | =3 | =& | =8
Green-Ampt | 40 | 9.2 | 133 | 19.3 | 241 | 32.2 | 482 | 82.9 | 131.2 | 174.2 | 2145

60cm SEEP/W 98 | 224 | 322 | 477 | 645 | 841 | 123.4 | =& | = | =8 | =8
soom | _Green-Ampt | 46 | 106 | 15.2 | 220 | 275 | 365 | 543 | 921 | 1440 | 180.7 | 2522
SEEP/W 8.4 | 140 | 224 | 322 | 421 | 561 | 827 | 131.8 | =& | =& | =a

Green—Ampt | 52 | 11.8 | 169 | 24.4 | 30.4 | 40.2 | 59.6 | 100.3 | 155.4 | 203.5 | 248

100cm SEEP/W 10 | 11 | 7.0 | 126 | 140 | 168 | 266 | 40.7 | 588 | 81.3 | 98.1
oo |_Green-Ampt | 56 | 128 | 16.4 | 266 | 330 | 436 | 644 | 107.7 | 1658 | 216 | 2623
SEEP/W 10 | 11 | 56 | 112 | 126 | 154 | 196 | 308 | 505 | 631 | 78.5
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255 | S(%) | S(%) | &7 A=E4H] H 2
SW 52 18 23.22% arlgs
SM 39 19 18.46% SEdE

o714, 6+ A, ex 58] 22502 7H
282 Yehdich F 62 27] A7) it 23}
=(S)h AN d& FLEATAHS HBkste] X3}
%9 suction®] TAZHE] F2 HFEIE(S) g
Ehdict.

ohe B 7 I SFESE] dwhHQ BEAe
% 4 (e A g3to] P BREAN) FEyet 0
of ht vl &g Uehdch AvtE oz Bxsisjdd o
2 BRSO A0S e 023 ER
7}A31k 48k 9= QlcH(Fourie, Rowe and Blight,
1999).

E 7. $UBHES 2T ATHS

- c SW SM
HUSH (t/?nta) (ka/cm®) #(0) ¢°(6%/9) #°(6°/9)
L& 1.8 0.1 25 |10.9(0.44) | 6.6(0.26)
52t 1.8 0.1 29 |12.9(0.44) | 7.8(0.27)
e 1.9 0.1 33 | 15.1(0.46) | 9.1(0.28)
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